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Introduction
[2] Marine primary production is a key component in the global carbon cycle [Canadell et ai, 2007] . The open ocean, which accounts for about three quarters of the global marine primary production [Pauly and Christensen, 1995] , is of course a significant contributor. Yet, there are still major unresolved issues in understanding the controlling mechanisms of primary production in these waters. For example, the conventional wisdom, which invokes wintertime convection and diapycnal diffusion for supplying nutrients to the euphotic zone to support photosynthetic activities, has been found to be insufficient for providing the nutrients needed for sustaining the observed primary production [McGillicuddy and Robinson, 1997] . As a result, a number of novel mechanisms have been proposed for providing the "missing" nutrients [McGillicuddy et ai, 1998; Villarealet ai, 1999; Uz et ai, 2001; Lin et ai, 2003 Lin et ai, , 2010 . Atmospheric deposition is another possibility and it is especially intriguing [Berner et ai, 1983; Martin and Gordon, 1988; Broecker and Henderson, 1998; Falkowski et ai, 1998; Fung et ai, 2000; Bay et ai, 2004; Uematsu et ai, 2004; Capone et ai, 2005; Jickells et ai, 2005; Deutsch et ai, 2007; Duggen et ai, 2007 Duggen et ai, , 2010 Lin etai, 2007 Lin etai, , 2009 Langmann etai, 2010] . Unlike the other proposed mechanisms which emphasize the supply of the macronutrients combined nitrogen and phosphate to the euphotic zone, atmospheric deposition can provide not only these two macronutrients but also the micronutrient iron [Wu et ai, 2001; Jickells et ai, 2005; Duarte et ai, 2006] , which can stimulate nitrate uptake in nitrate-replete water [Timmermans et ai, 1994 [Timmermans et ai, , 2004 and nitrogen fixation in oligorrophic water [Karl et ai, 1997; Wong et ai, 2002; Capone et ai, 2005] .
[1] For several decades, research on the supply of nutrients to the oceans by atmospheric deposition has focused on desert dust [Mahowald et ai, 1999; Fung et ai, 2000; Wu et ai, 2000; Johnson et ai, 2003] . Meanwhile, it has been suggested that volcanic dust is a much-neglected aerosol source which may also provide nutrients to stimulate ocean biogeochemical responses [Uematsu et ai, 2004; Jickells et ai, 2005; Duggen et ai, 2007 Duggen et ai, , 2010 Langmann et ai, 2010] . Laboratory research has indicated that volcanic dust has rapid fertilization potential [Duggen et ai, 2007] . However, due to the episodic and irregular nature of volcanic eruptions and their locations of occurrence, which are frequently remote, it has been difficult to conduct timely in situ investigations of oceanic responses to volcanic eruptions. Research on volcanic fertilization is still in its infancy, and very little direct evidence has been presented [Uematsu et ai, 2004; Jickells et ai, 2005; Duggen et ai, 2007 Duggen et ai, . 2010 Langmann et ai, 2010] . This is especially true in the low-nutrient low-chlorophyll (LNLC) waters, since most current results report on findings in the high-nutrient lowchlorophyll (HNLC) waters [Duggen et ai, 2007 [Duggen et ai, , 2010 .
[A] In the evening of 10 May 2003, the Anatahan volcano (146°E, 16°N) in the Northern Mariana Islands (Figure la) erupted for the first time in recorded history [Nakada et ai, 2005; Wade et ai, 2005] . This volcano is located in the western North Pacific Subtropical Gyre (WNPSG), a wellknown LNLC ocean desert [Levitus et ai, 1993; Karl, 1999] (Figure lb) . The eruption in 2003 was a relatively large eruption of Volcanic Explosivity Index 3 [Newhall and Self, 1982; Simkin and Siebert, 1994; Trusdell et ai, 2005] . Due to the unavailability of in situ ocean biogeochemical observations, here, data from satellite remote sensing and laboratory experiment are used to study the biological response of the nearby LNLC water following the eruption and the deposition of volcanic ash to the surface ocean.
[5] Because dust particles suspended in water may be falsely interpreted as phytoplankton by band ratio chlorophyll algorithms [Claustre et ai, 2002; Gin et ai, 2003; Duggen et ai, 2007] , this study used at-sensor total radiance, normalized water-leaving radiance. Fluorescence Line Height, and ocean color spectrum data from the Moderate Resolution Imaging Spectroradiometer (MODIS) onboard the NASA/ Aqua satellite to study the postvolcanic ocean response to the Anatahan eruption. Other types of satellite data used were (1) aerosol optical depth (AOD) and true color data from MODIS [Kaufman et ai, 2002] ; (2) TOPEX/Poseidon and JASON-1 altimetry sea surface height anomaly (SSHA) data [Fu et ai, 1994] ; (3) Tropical Rainfall Measuring Mission/ Microwave Imager (TM1) sea surface temperature (SST) data [Wentz et ai, 2000] ; and (4) QuikSCAT sea surface wind vectors [Liu et ai, 1998 ]. In addition, a 3-D ocean circulation model (the East Asian Seas Nowcast/Forecast System, EASNFS) from the U.S. Naval Research Lab [Ko et ai, 2003; Chapman et ai, 2004] was employed to supplement satellite observations to understand the physical condition of the ocean. Further, laboratory experiment was conducted using the Anatahan volcanic samples [de Moor etai, 2005; Trusdell etai, 2005; Wade etai, 2005] to analyze the available nutrients for ocean fertilization from the Anatahan event.
Eruption of the Anatahan Volcano
[6] Anatahan volcano rises from depths of -3000 km below sea level to an elevation of 788 m above sea level and is a large stratovolcano that has erupted basalts and dacitcs. No volcanic activity has been documented before the May 2003 event, de Moor et al. [2005] suggest that Anatahan contained an extensive hydrothermal system based on the presence of Ca and S-bcaring minerals in the May 2003 erupted ash. The formation of sulfate absorbed onto the ash is likely the result of oxidation of magmatic S0 2 in the eruption cloud [de Moor et ai, 2010] .
[7] The 2003 eruption cloud reached 5.5 km on 11 May (first day of the eruption) and decreased to about 2-3 km on 18 May. The total amount of ash deposited on the island during the eruption was 0.024 Gt (1 Gt = 10 12 g) and the total calculated eruption volume is 45.4 x 10 6 m J but is a lower estimate as it does not take into account the amount deposited into the ocean [Trusdell et ai, 2005] . This categorizes the May 2003 eruption of Anatahan as Volcanic Explosivity Index (VEI) 3 [Newhall and Self, 1982] . VEI 3 eruptions are fairly common and have occurred on average about 1000 times in 1000 years over the Holocene time period [Simkin and Siebert, 1994] . Therefore, in terms of eruption size, the 2003 Anatahan eruption was not unusual. Moor et al. [2005] and Pallister et al. [2005] . Eruptions that release "excess" sulfur [Rose el al, 1982] are fairly common for silicic volcanoes located on subduction zones (see recent compilation in the work by Wallace [2005] ). In the case of Anatahan, this excess sulfur was released into the atmosphere but approximately 25% of the erupted sulfur was adsorbed onto the ash (up to -1700 mg S/kg ash) [de Moor et al, 2005] . The proportion of adsorbed sulfur is similar to what has been documented for other eruptions where such measurements have been made, i.e., at Galunggung and Fuego volcanoes where approximately 35% of the emitted S was scavenged by ash [de Hoog el al.. 2001; Rose. 1977] .
[x] As observed by the AOD data (daily, 1 degree spatial resolution level 3 data) from the MODIS atmospheric sensors onboard the NASA/Terra and Aqua satellites [Kaufman et al., 2002] , prior to the volcanic eruption, the WNPSG was characterized by the typical marine atmospheric condition of low aerosol loading with AOD < 0.1 (Figure 2a ). Immediately after the eruption on 11 May 2003, MODIS-derived AOD abruptly increased to 1.0-2.0. nearly a twentyfold rise in aerosol loading at the downwind side of the island ( Figure 2b ). As also clearly depicted in the corresponding MODIS true color image, a large plume of volcanic dust spread westward from Ml. Anatahan approximately 500 km over the WNPSG (Figure la) . A few days later (14-19 May), the AOD fell back to the pre-emption level of around 0.1 (Figure 2c ). Meanwhile, a U.S. National Science Foundation MARGINS team went to the Anatahan volcano to collect eruption samples for major and trace element analyses [de Moor et al., 2005; Trusdell et al, 2005; Wade et al, 2005] . Laboratory analysis of the samples will be presented in section 6. after the eruption on 15 May, the first-available cloud-free MODIS Chi a image showed a well-defined "bloom-like" patch in the area of 144°E-146.5°E and 16.5°N-17.5°N covering an area of about 7 * 10 3 km 2 (Figure 3b ), which was the same location as the dust plume (Figures la and 2b) . The next-available cloud-free MODIS Chi a image, which was obtained on 17 May 2003, revealed that the patch had elongated toward the northeast in the area between 145°E-147°E and 16.5°N-18.5°N (Figure 3c ). However, this type of "standard" Chi a image alone is not sufficient to show that the bloom-like patch was indeed a phytoplankton bloom or an artifact due to the nonliving suspended volcanic particles in the water. This is because that MODIS Chi a concentration was estimated using a blue/green band ratio, but nonliving particles like suspended volcanic dust in the water can also cause a decrease in the blue/green ratio and therefore a false increase in the estimated Chi a concentration [Claustre et ai, 2002; Duggen et ai, 2007] . Therefore, additional ocean color information obtained using the atsensor total radiance (Z,,), normalized water-leaving radiance (nLw), and Fluorescence Line Height (FLH) was used in this study to aid diagnoses [Hu el ai, 2005; Gilerson et ai, 2007] . In addition, the bloom-like patch observed in this study was compared with the well-known phytoplankton bloom caused by equatorial upwelling.
Exploration of the Postvolcanic Ocean Responses
[ Figure 6 , while the black square in Figure 3e depicts the location of the reference oligotrophic background spectra in Figure 6 . The circle in Figure 3c depicts the bloom location for the spectral analysis in Figure 5 . Figure 4a . The circle in Figure 4a depicts the location of equatorial upwelling for the spectral analysis in Figure 5 .
the locations). The Chi a image depicting equatorial upwelling obtained on 2 May 2003 is shown in Figure 4a , while the FLH subscene is shown in Figure 4b . Figure 5a presents the spectral difference between the high Chi a region (circled in Figures 3c and 4a ) and the nearby oligotrophic waters for both the postvolcanic (green curves) and the equatorial upwelling (black curves) cases. This spectral difference was derived from both the at-sensor total radiance and normalized water-leaving radiance. In Figure 5b , the spectra in the red wavelengths (650-750 nm) are zoomed to show details of the spectral characteristics.
[n] Basically, there are three possibilities for the composition of the observed patch: (1) suspended volcanic dust only, (2) phytoplankton only, or (3) a mixture of the two. Each possibility is assessed as follows.
Possibility 1: Volcanic Dust (Nonliving Particles) Only
[12] Figure 5b shows spectral peaks at 678 nm for both the observed posteruption bloom-like patch observed on 17 May 2003 and equatorial upwelling observed on 2 May 2003. This is indicative of the presence of phytoplankton in both the posteruption patch and equatorial upwelling patch because, of all the water constituents (including phytoplankton, colored dissolved organic matter (CDOM), detritus, and other nonliving particles), only phytoplankton have an absorption peak around 670 nm and a fluorescence peak around 685 nm. Other constituents, including water molecules, have monotonous (or smooth) spectral shapes in this wavelength region in both absorption and backscattering, and therefore cannot lead to the observed peak at 678 nm. If only nonliving particles at low concentrations (inferred from nLw551 values) exist in the post volcano patch, the red part of the spectra will not have a noticeable absorption at 667-670 nm and local peak at 678 nm [Gilerson et ai, 2007] .
Possibility 2: Phytoplankton Bloom Only
[13] Though the above discussion suggests the presence of phytoplankton in the observed postvolcano patch, it docs not imply that only phytoplankton were present. By comparing the standard Chi a (Figure 3c (Figure 3d ). The FLH image, however, shows that FLH was -9-17
x 10~3 mW cm -2 /mT 1 sr~' in the patch and -3-5 * 10~3 mW cm" 2 /tm~' sr _l in the ambient water, which indicates a 2-5-fold increase in biological activity (Figure 3e ). Similar observations made on 15 May indicated that the increase in Chi a (as compared with the Chi a in ambient clear water) was much greater than Wavlvnglh (nm) Figure 6 . MODIS ocean color spectra for (1) reference oligotrophic ocean background spectra (in black; location depicted by the black square in Figure 3e ), (2) reference Trichodesmium spectra [Subramaniam et al, 2001 ] from the Atlantic (in green), and (3) spectra from various parts of the bloom patch (red spectra; locations shown by the arrows in Figures 3d and 3e ).
the increase in FLH. As shown in Figure 3b , Chi a in the patch increased twentyfold (i.e., Chi a reached ~1 mg m~3 in the patch and ~0.05 mg nT 3 outside the patch), but FLH increased only 2-5-fold (i.e., FLH -9-21 x 10~3 mW cm" 2 /im -1 sr -1 in the patch and ~3-4 * 10~3 mW cm -2 /mi sr -1 outside the patch; Figure 3d ).
[14] For the equatorial upwelling case, the increases in the Chi a and FLH values observed in the bloom patch and the outside water are similar. As seen in Figure 4b , clearwater FLH was around 8-10 * 10~3 mW cm -2 /im~' sr -1 , while FLH in the bloom area was around 20-30 x 10~3 mW cm -2 /im~' sr -1 , which represents a threefold increase in biological activity. The corresponding Chi a image (Figure 4a ) shows that Chi a outside the bloom was around 0.1 0.2 mg m~ , while that inside the bloom was around 0.3-0.7 mg m~~, indicating a similar threefold increase.
[15] Based on the above analyses, one can argue that if only phytoplankton existed in the post volcanic patch, the increases in Chi a and FLH would be similar, as was observed in the case of equatorial upwelling. Therefore, the large difference between the increases in Chi a and FLH in the postvolcano bloom suggests that the bloom patch may have contained significant amounts of nonliving particles in addition to phytoplankton.
Possibility 3: A Mixture of the Two
[16] Though the presence of phytoplankton is inferred from in the red part of the spectra (Figures 3c, 3e, and 5b) , the false increase in the Chi a concentration (Figures 3b  and 3c ) suggests that nonliving particles also existed in the patch. Therefore in the context of this study, these results suggest that there was enhancement in biological activity one week following the Anatahan volcanic eruption, but that the enhancement level was about 2-5-fold (as suggested by the FLH signal) (Figures 3c and 3e) . The 16-20-fold increase in the Chi a concentration (Figures 3b and 3d) was an artifact possibly caused by interference from suspended volcanic dust in the water.
Analysis of the Ocean Color Spectra
[17] In this section, MODIS ocean color spectra of the normalized water-leaving radiance were analyzed. As suggested by Duggen et al. [2007] , spectra from suspended volcanic dust in the water are often associated with significant increase in the 551 nm band. Hence, each pixel is screened and only spectra free from such possible contamination arc used. The screened spectra are then compared with the reference oligotrophic ocean background spectra outside the bloom patch.
[is] It can be found in Figure 6 that the spectra in the reference region outside the bloom (in black and locations depicted as black box in Figure 3e ) clearly depict the oligotrophic spectral peak at 412 nm. The observed bloom spectra from various parts of the bloom patch (red spectra in Figure 6 ; location depicted by black arrows in Figures 3d  and 3e ) arc evidently different from the oligotrophic reference spectra and are characterized by a spectral peak at 490 nm. These bloom spectra (red spectra in Figure 6 ) were also compared with a set of known reference Trichodesmium spectra (green spectra in Figure 6 ) from the Atlantic [Subramaniam et al., 2001 ] and are found in close similarity, in both their shapes and peak locations.
Physical Conditions of the Ocean
[19] To rule out the possibility that the observed bloom patch was fuelled by nutrients from beneath the surface of the ocean through wind mixing or upwelling Wilson and Coles, 20051 , sea surface wind vectors (based on daily, 25 km spatial resolution QuikSCAT data [Liu et al., 1998 ]), SST (based on daily, 25 km spatial resolution TMI data [Went: et al. 2000] ), and altimetry SSHA (based on one 10 day cycle from a composite of the TOPEX/Poseidon and JASON-1 altimetry data [Fu et al., 1994] ) maps were examined. As depicted in Figure 7a , the bloom area was dominated by the positive SSH A of ~10 cm, indicating a clear downwelling condition [Wilson and Coles, 2005] . The corresponding SST and sea surface wind observations showed that during the bloom period, SST was relatively high (~29°C; Figure 7b) , and that the easterly winds were relatively weak (~5-7 m s ') ( Figure 7c ).
[20] In addition, this region is a well-known oligotrophic ocean desert, in which few nutrients are detectable in the top 100 m of the water column (Figure 8 ) [Hirose and Kamiya, 2003; Garcia et al.. 2006] . Thus, given the weak wind, warm SST, and downwelling condition in this oligotrophic ocean, the chance of the observed bloom being fuelled by nutrient supply from upwelling is slim. Furthermore, to ensure that the observed ocean color signal (Figures 3b-3e came only from the ocean and was not affected by the atmosphere, coincident and colocated AOD images were examined (Figure 2c ). One can see in Figure 2c that during the bloom period, the aerosol loading in the atmosphere had subsided, while AOD had fallen back to the pre-emption level of around 0.1, suggesting that there was little interference from suspended aerosols in the atmosphere.
[:i] To explore the dispersion pattern of the observed postvolcanic patch between 15 and 17 May (Figures 3b  and 3c ), the surface flow condition was examined using the EASNFS nowcast system from the U.S. Naval Research Laboratory [Ko el a/., 2003 : Chapman el a!., 2004 . EASNFS is a high-resolution (1/16°), data assimilating, full-physics ocean model with 41 sigma-z layers. This system routinely produces nowcast for sea level variation, 3-D ocean current, temperature, and salinity fields in the western North Pacific Ocean. Because it routinely assimilates large numbers of observations, EASNFS is able to produce realistic nowcast of the ocean conditions in the western North Pacific [Ko et al., 2003; Chapman et al., 2004] , As indicated in Figure 9 , there was a strong NE current of ~50 cm s~', which is consistent with the observed elongated dispersion of the patch between 15 and 17 May (Figures 3b and 3d ).
Laboratory Experiment of the Anatahan Samples
[22] Dissolution experiments to determine the soluble concentrations of nitrate, phosphate, and Fe in deionized water and weak acid solution (pH = 2) from the volcanic dust have been carried out by de Moor et al. [2005] . The soluble nitrate concentrations in Milli-Q water ranged from 46 to 51 mg/kg dust but the soluble phosphate and Fc concentrations were not reported because the concentrations were below the detection limits of the ion chromatography method used in the study. To obtain the soluble phosphate and Fe concentrations leached from the dust, recently we conducted the experiments again using the Anatahan samples collected on 21 May 2003 using the high-resolution inductively coupled plasma mass spectrometer (HR-1CPMS, Element XR). The dissolution experiments were carried out by adding 0.1 g dust samples with particle size smaller than I mm in 60 ml. Milli-Q water.
[23] The soluble P and Fe concentrations in Milli-Q water were found to be 1.83 and 2.11 mg/kg dust, respectively. In our experiments, the soluble concentrations of P (63-98 mg/kg of dust) and Fe (141-187 mg/kg) in the weak acid solution were comparable to the value reported by de Moor et al. [2005] , which were 72-159 mg/kg and 97-195 mg/kg, respectively. Our P concentrations determined by 1CPMS in the weak acid solution were also comparable to the concentrations determined by spectrophotometer in our laboratory, validating that the total soluble P determined by HR-ICPMS in Milli-Q water was mainly composed of phosphate.
[24] With the information of the total volcanic dust mass deposited in the oceanic surface water (Table 1) based on the data reported by Trusdell et al. [2005] , the total mass and concentrations of soluble N, P, and Fe dissolved from the volcanic dusts in the surface ocean can be estimated (Table 1) . Since the averaged dissolved nitrate, P, and Fe concentrations are 50, 1.83, and 2.11 mg/kg of dust in Milli-Q water, respectively, the total input of bioavailablc N, P, and Fe released from dust deposition in the surface water are 250, 9, and 11 tons, respectively (Table I) . Based on the FLH MODIS image shown in Figure 3e , the estimated blooming region is about 4.8 * 10' 1 km" or 4.8 * 10 9 m 2 with the equivalent increase of 0.07-0.1 /tg/L (mg m~3) Chi a. By assuming both the mixed layer and the depth with the elevated Chi a to be 20 m at the studied site, the total blooming seawater volume was 9.7 * 10" liters.
[25] By dividing the total mass of the soluble nitrate, phosphate, and Fe to the total seawater volume, the averaged elevated concentrations of the soluble nitrate, phosphate, and Fe were 42, 3.1, and 2.0 nM, respectively. Based on the Redfield ratio, the new production induced by the input of the soluble nitrate or phosphate would result in 0.28 to 0.33 /imol/L organic carbon production in the mixed layer. Previous studies in the studied site reported that the ratio of organic carbon in phytoplankton to Chi a was around 100 in the surface water [Furuya, 1990] . The elevated Chi a observed in this study ranged from 0.07 to 0.1 //g/L (mg m -3 ), which would be equivalent to 7 to 10 /ig/L organic carbon or 0.58 to 0.83 /zmol/L of new organic carbon production in the mixed layer (Table 1 ). The estimated new production from the satellite images are comparable to the new production estimated based on the two limiting major nutrients, nitrate and phosphate.
Implications
[26] At the study site in the western North Pacific subtropical gyre, the concentration of (nitrate + nitrite) and phosphate in the mixed layer are about 0.02 and 0.06 //M, respectively [Karl et al., 2001] , The increase in their concentrations by 0.042 and 0.003 /iM as a result of the deposition of volcanic material from the eruption of the Anatahan volcano would have elevated their concentrations by 210% and 5%, respectively. Obviously, the effect on phosphate is rather insignificant. Even in the case of (nitrate + nitrite), while the percentage increase is high, the actual effect on primary production and carbon sequestration is still small since the absolute increase is low. Thus, following the Redfield stoichiometry, even if all the added (nitrate + nitrite) is removed in primary production, it would only lead to a drawdown of 0.003 /;M of phosphorus, or roughly the amount of accompanying phosphorus in the deposition, and 0.3 /;M of carbon or 0.6 * 10~" mol-C/m 2 for an integration depth of 20 m. On the other hand, the average primary production in these waters is about 8.6 mol-C/m /yr [Pauly [2005] . Nitrate concentrations arc from the sample numbered I la shown in Table 7 of de Moor el al [2005] . We carried out the dissolution experiments in Milli-Q water by using the same Anatahan volcanic dusts with size traction smaller than 1000 fim to determine the soluble concentrations of P and Fe by using high-resolution inductively coupled plasma mass spectrometer.
NRL EASNFS
"The total eruptive volume was estimated to be 45.4 * 10 6 m\ and the on-land tcphra fall volume was 27.5 » 10 6 m 1 [Trusdell <•/ al.. 2005] . Since dusts accounted for about 76% of the total eruptive volume and were with average density to be around 1.4 g/cnv ' [Trusdell el al., 2005] , the total dust volumewould be 34.5 « 10" m\ The dust falling on the surface ocean would thus be 7 « lO* m\ equivalent to 1 * 10 10 kg dust mass in the oceanic region. We assume that the dust deposited on the ocean in the first 5 days accounted for 50% of the total dusts deposited on the ocean so that the total deposition mass on the ocean would be 0.5 * 10 1 " kg in the first 5 days. 'Estimated from the satellite image (Figure 3c ), the blooming area is 4.85 » I0 1 km 2 or 4.85 * 10" m 2 . Assuming the mixed layer depth of 20 m and the bloom was generally homogeneous in the mixed layer, the total blooming scawatcr volume would be 9.7 » 10 1 ' liters. The elevated nutrient concentrations arc obtained by dividing the total mass (or mole numbers) to the scawatcr volume.
d Bascd on the amount of the leached soluble nutrients in the mixed layer, the synthesized organic carbon concentrations and organic carbon mass in the surface water (new production) can be estimated by the Redfield ratio. 106:16:1 for C, N, and P.
°ND, not determined. Since the ratios of the soluble Fe to P is up to 185 mmol/mol P. I order of magnitude higher than the averaged Fc/P ratio in marine phytoplankton [Ho et al., 2003] , in terms of biochemical demand of phytoplankton. the soluble Fe supply from the dust was overabundant when compared to the supply of the soluble N and P from the dust.
<;BKM>6
and Chrislensen, 1995] . This deposition of volcanic material will change the N/P ratio from 0.3 to 1, which is still far below the Redfield ratio of 16. Thus, the nutrient condition stays unchanged as the water will remain nitrate limited. On the other hand, the concentrations of Fe in these oligotrophic waters are typically 0.2 nM [Brown el ai, 2005] . Thus, the deposition of volcanic material would have increased its concentration by about 1 order of magnitude. The resulting Fe/P of 3.5 x 10" 2 far exceeds that of 3.7 * 10" 3 in Trichodesmium [Sanudo-Wilhelmy et ai, 2001] , and will favor its growth [Mills el ai, 2004] .
[27] Indeed, the spectrum of the Figure 6 suggests that the major phytoplankton in the blooming region after 5 days of the volcanic eruption featured with the spectrum signal of Trichodesmium bloom. This is also consistent with the fact that, while the new productions estimated from the increase in chlorophyll and from the input of the major nutrients from the deposition of the volcanic material are in the same order of magnitude, the former is higher than the latter as the additional photosynthesizing activities may be fuelled by nitrogen fixation. Thus, the primary effect in the deposition of volcanic material to the LNLC ocean is the enhancement of nitrogen fixation in these waters. The stimulatory effect as a result of the addition of the macronutricnts is minimal.
[28] If nitrogen fixation is assumed to lead to a complete drawdown of the dissolved phosphorus in the water, it would result in a sequestration of 6.7 /iM-C. If an integration depth of 20 m is assumed, this is equivalent to a sequestration of 0.13 mol-C/m . On a regional scale, this is a significant contribution to the new production of about 1 mol-C/m 2 /yrin these waters [Karl and Lukas, 1996] . However, on a global scale, the effect is likely to be minimal at any reasonable rate of similar eruptions. The area affected by the eruption of the Anatahan Volcano has been estimated to be 5 * 10 km*. Assuming a total drawdown of phosphate by nitrogen fixation, the maximum amount of additional carbon sequestration in this one event was 6.5 * 10* g-C. The area of the open ocean is 332 x 10 6 km 2 [Pauly and Christensen, 1995] . If a new production rate of 1 mol-C/m 2 /yr [Karl and Lukas, 1996] is assumed, then, the total new production in the open ocean is 3.32 x 10 14 g-C/y. Thus, each similar eruption would only contribute 2 x 10~4% of the global new production in the open ocean. Under any reasonable scenario, the total contribution will be small.
Summary and Conclusions
[29] The deposition of volcanic dusts to nearby LNLC water in the western North Pacific central gyre from the eruption of the Anatahan volcano in 2003 added (nitrate + nitrite), phosphate and iron to and stimulated primary production in these waters. The effect was detectable for over a week and the concentration of surface chlorophyll a was elevated by 2-5-fold over an area of about 5 x I0 3 km 2 5 days after the eruption. The added (nitrate + nitrite), phosphate and iron could have increased their concentrations in the receiving water by twofold, 5% and tenfold, respectively. While the percentage increase in the concentration of (nitrate + nitrite) was conspicuous, the actual increase in concentration was rather small. The increase in primary production was caused primarily by an enhancement in nitrogen fixation by the added iron rather than a direct stimulation of photosynthetic activities by the addition of the macronutrients. The effect of this one single event could account for about a tenth of the annual new production in the receiving water. Thus, on a local or regional scale, the effect of the deposition of volcanic ash on primary production should not be neglected. However, on a global scale, the effect is likely to be small. Nonetheless, since this is the first scmiquantitative direct evidence on this process in the low nutrient chlorophyll waters, further confirmations on these behaviors in other volcanic eruptions are needed before more definitive extrapolations can be made.
